A computational study of transonic buffet phenomenon over NACA0012 airfoil is presented using unsteady Reynolds-averaged Navier-Stokes Equations. Computations are conducted at freestream Mach numbers from 0.82 to 0.89 at zero angle of attack for Reynolds numbers of 3.0 and 10.0 million with transition fixed at 5% chord length. Numerical simulation reveals the transonic buffet occurs in a narrow range of freestream Mach numbers of 0.85-0.87. It is close to the range of freestream Mach numbers of 0.84-0.86 in which multiple solutions occur for the steady, inviscid flow.
I. Introduction
Multiple solutions have been found for the steady, inviscid flow past some airfoils under certain conditions of transonic Mach numbers and angles of attack.
1-9 Jameson 2 reported lifting solutions of the transonic full potential flow equation of a symmetric Joukowski airfoil at zero angle of attack in a narrow band of freestream Mach numbers. Luo et al.
3 showed the multiple solutions of transonic small-disturbance equation for NACA0012 airfoil at zero angle of attack at certain range of freestream Mach numbers. Later Jameson 6 showed multiple solutions using Euler equations for some lifting airfoils in a narrow band of freestream Mach number. Hafez and Ivanova research groups 7-9 studied the multiple solutions for a 12% thick symmetric airfoil with flat and wavy surface using potential equations, Euler equations and Navier-Stokes equations. In order to study the mechanism of multiple solutions, Williams et al 5 studied stability of multiple solutions of unsteady transonic small-disturbance equation. Caughey 10 performed unsteady simulations of Euler equations to gain a better understanding of the multiple solutions evolution and stability. Liu et al.
1
presented a linear stability analysis of multiple solutions of transonic small-disturbance potential equation of NACA0012 airfoil at zero angle of attack. They found the symmetric solutions are not stable and asymmetric solutions are stable. Crouch et al 11 demonstrated that NACA0012 airfoil buffet onset is related to the global stability of the flow field. Based on these researches, it can be conjectured the inviscid instability might be a contributing factor to trigger buffet.
The goal of this work is to investigate unsteady viscous flow field behaviors over symmetric NACA0012 airfoil under the same conditions which multiple solutions occur for inviscid flow to gain more understanding.
The computational code is first validated against available experiments. 12-16 Thereafter the code is used to simulate the unsteady flow field of NACA0012 airfoil. The unsteady flow fields around NACA0012 airfoil are examined and characterized. Finally the elimination of buffet by adding a trailing edge splitter plate is examined.
II. Computational Method
The computational fluid dynamics code used here is known as PARCAE 17 and solves the unsteady three-dimensional compressible Navier-Stokes equations on structured multiblock grids using a cell-centered finite-volume method with artificial dissipation as proposed by Jameson et al.
18 Information exchange for flow computation on multiblock grids using multiple CPUs is implemented through the MPI (Message Passing Interface) protocol. The Navier-Stokes equations are solved using the eddy viscosity type turbulence models. All computations presented in this work are performed using Menter SST k-ω model. 19 The main elements of the code are summarized below.
The differential governing equations for the unsteady compressible flow can be expressed as follows:
T he vector W contains the conservative variables (ρ, ρu, ρv, ρw, ρE) T . The fluxes consist of the inviscid convective fluxes F c and the diffusive fluxes F d , defines as
The stress tensor τ depends on the viscosity µ = µ L + µ T , where the subscripts L and T represent laminar and turbulent contributions, respectively. P r L and P r T are the laminar and turbulent Prandtl numbers, respectively. The closure model used to evaluate the turbulent viscosity µ T is the k − ω SST turbulence model, given by the equations ∂ρk ∂t
where
max(a1ω;Ωf2) . The source term S k and S ω are
In the above equations, f 1 and f 2 are blending functions. The parameters σ k , σ ω , β, β * , and γ are closure coefficients.
The flow and turbulence equations are discretized in space by a structured hexahedral grid using a cell-centered finite-volume method. Since within the code each block is considered as a single entity, only flow and turbulence quantities at the block boundaries need to be exchanged. The governing equations are solved using dual-time stepping method for time accurate flow. At sub-iteration the five stage Runge-Kutta scheme is used with local-time stepping, residual smoothing, and multigrid for convergence acceleration. The turbulence model equations are solved using stagger-couple method. Further details of the numerical method can be found in Ref. 20, 21. 
III. Results & Discussion
The computations are first validated against experimental data.
12-14 Then the code is used to simulate the unsteady flow field of NACA0012 airfoil.
III.A. Code Validation
Grid independence study is performed using NACA0012 steady simulation cases. Three C-type computational grids with different spatial resolution coarse, medium, and fine are generated. Table 1 shows the dimensions of the three grids. Figure 1 shows the fine grid. Figure 2 shows the comparisons of pressure distribution around NACA0012 airfoil between computational and experimental 12 data. Fine grid results show excellent agreement with the experimental data and predicts accurate shock wave position. So unsteady flow field simulations are only performed using fine grid.
The 18% thick arcfoil is used to validate the unsteady code, because there exist unsteady data 13-16 for this airfoil at zero angle of attack and supercritical Mach numbers. The grid with finest dimensions is used to simulate unsteady flow field. Figure 3 shows the lift coefficient evolution history and Fast Fourier Transform (FFT) analysis. The FFT amplitude is normalized by largest peak. The primary frequency corresponding to the largest peak isf = 0.46. It agrees with the experimental data,f = 0.44 − 0.49.
13, 15, 16 Figure  4 shows the comparison of time-averaged pressure distribution around arcfoil between computational and experimental 14 data. The computational result agrees well with experimental data. The code can predict accurate time-averaged shock wave position and shock motion primary frequency. The validation of the code to study shock boundary layer interaction problem is confirmed by the good comparison of the fine grid results on steady and unsteady cases.
III.B. Steady Flow computations
The steady computations had been used to predict the onset of buffet.
22 Furthermore, a good convergence with steady methods probably means good numerical and flow stability. 
III.C. Unsteady Flow Simulations
In this section the unsteady flow field simulations for NACA0012 airfoil at freestream Mach numbers from 0.82 to 0.89 at zero angle of attack for Reynolds numbers 10.0 million with transition fixed at 5% chord length are performed to study unsteady viscous flow behaviors.
The computational results reveal that the flow is steady when the Mach number is between 0.82 and 0.84. When the Mach number gets to 0.85, the flow suddenly changes into an unsteady oscillatory mode. The shock waves on the upper and lower surfaces of the airfoil begin to move back and forth in a periodic motion. The unsteadiness is caused by the shock wave interaction with the boundary layer over the airfoil surface. It can be categorized to type A shock wave motion. The unsteady flow pattern persists as the Mach number is further increased until it gets to 0.88 where the flow becomes steady again. The buffet occurs in a narrow band of freestream Mach numbers of 0.85-0.87. It is close to the range of freestream Mach numbers of 0.84-0.86 in which multiple solutions occur for the steady, inviscid flow.
1 It might indicate the inviscid instability is another contributing factor to trigger buffet. Figure 6 shows the lift coefficients evolution history for the three Mach numbers of 0.85, 0.86, and 0.87. The ∆c l is largest when the Mach number is 0.86. It means the unsteadiness is strongest at that Mach number. This can be also observed in Fig. 7 . The FFT amplitudes are normalized by largest peak between the three Mach numbers. When the Mach number is 0.86, FFT has largest amplitude. The amplitude drops very quickly as the Mach number increases to 0.87. The lift coefficient oscillation frequency increases as the Mach number increases. Figure 8 shows the time-averaged isentropic Mach number distribution on the airfoil surface at Mach numbers from 0.82 to 0.89. The time-averaged shock wave positions are determined with the positions where isentropic Mach number is 1.0. It is clear to show the time-averaged shock wave position moves to trailing edge as the Mach number increases. Figure 9 shows time dependent shock wave positions against Mach number. In the figure the squares are time-averaged shock wave postion. It clearly shows the flow is steady when Mach number is lower than 0.85 or higher than 0.87. Figure 10 shows the shock oscillation frequency against the distance between the time-averaged shock wave position and the trailing edge at different Mach numbers. The shock oscillation frequency depends on the shock wave mean position. The distance between the time-averaged shock wave position and the trailing edge is an important length scale to determine shock wave oscillation frequency. This length scale represents the distance which disturbance waves travel through . Figures 11-12 show the Mach number contours and streamlines at 4 sequential time instants during one period of the shock oscillation at Mach number 0.86. The figures show the shock waves on the upper and lower surface of NACA0012 airfoil move back and forth in a periodic motion. As the upper surface shock wave moving upstream, it becomes weaker and the separation bubble becomes smaller. At the same time the lower surface shock moves downstream and becomes stronger. Stronger shock induces flow separation. As the separation region on the lower surface becomes large enough, the lower surface shock wave is pushed upstream and the upper surface shock wave moves downstream. The consequence of this behavior is an unsteady shock oscillation over the airfoil. Figures 13-15 show pressure oscillation FFT analysis at x/c = 0.7,x/c = 0.9, and x/c = 1.0, respectively. The FFT amplitudes are normalized by the largest peak at x/c = 0.7. The figures show there are two disturbance waves which are caused by shock wave interaction with boundary layer moving to downstream. The phases of movements of waves differ by exactly 180
• . The two waves interact at the trailing edge. It offers the possibility of elimination of buffet by blocking the path of the disturbance waves interact.
III.D. Reynolds Number effect
In the previous section C the unsteady flow simulations for NACA0012 airfoil are performed at Reynolds number 10 million. In order to study the effect of Reynolds number unsteady flow simulations are run at 3.0 million. Figure 16 shows the lift coefficients evolution history for the three Mach numbers of 0.85, 0.86, and 0.87. ∆c l for the three Mach numbers at Reynolds number 3.0 million are smaller compared with 10 million results. It means the unsteadiness is weaker at lower Reynolds number. Figure 17 shows FFT analysis of lift coefficients. The FFT amplitudes are normalized by largest peak between the three Mach numbers. Figure  18 shows the time-averaged isentropic Mach number distribution on the airfoil surface at Mach numbers from 0.85 to 0.87. It is clear to show the time-averaged shock wave position moves to upstream as the Reynolds number decreased to 3.0 million. Figure 19 shows the shock oscillation frequency against the distance between the time-averaged shock wave position and the trailing edge at different Mach number 0.85, 0.86, and 0.87. Since the time-averaged shock wave positions move to upstream at Reynolds number 3.0 million, the shock oscillation frequencies become smaller. In order to verify the computational results, transonic wind tunnel unsteady pressure measurements are performed for NACA0012 airfoil at Mach numbers from 0.80 to 0.89 at zero angle of attack for Reynolds number 3.0 million. The experiment results without correction show the buffet onset Mach number 0.88. In general, the wind tunnel sidewall interference would decrease the Mach number in the core flow. So the experiment predicts higher buffet onset point. Figure 20 shows the comparison of time-averaged pressure distribution on the NACA0012 surface between computational and experimental 23 data. In the figure the computational Mach number is 0.85 and the experimental Mach number is 0.88. The time-averaged shock wave positions are very close. Figure 21 shows the comparison of pressure oscillation FFT analysis at x/c = 0.75. It shows the primary frequencies of pressure oscillation are very close. Again it shows it is reasonable to use time-averaged shock wave position as shock wave motion length scale.
III.E. Elimination of Buffet by Trailing Edge Splitter Plate
In the previous section C the unsteady flow field behaviors of buffet are studied. During the shock oscillation period the upper and lower surface shock waves move back and forth, and the disturbance information of upper and lower side surface are exchanged through the trailing edge of the airfoil. If we can somehow block the path of the information exchange, the buffet might be alleviated or eliminated. In this study the adding trailing edge splitter plate method is studied.
13 Two different length plates are used which are shown in Fig.  22 . The corresponding pressure oscillation contours on the upper surface of NACA0012 airfoil are shown in Fig. 23 . When the short plate with 6.0% of chord length is used the flow is still unsteady. But the flow becomes steady when the long plate with 25.0% of chord length is used. The adding trailing edge splitter plate method can be successfully used to eliminate buffet.
IV. Conclusion
A computational study is conducted on the flow field of NACA0012 airfoil at freestream Mach numbers from 0.82 to 0.89 at zero angle of attack for Reynolds numbers 3.0 and 10.0 million with transition fixed at 5% chord length. Computational results show the buffet occurs in a narrow band of freestream Mach numbers from 0.85 to 0.87. It is very close to the range of freestream Mach numbers in which multiple solutions occur for the steady, inviscid flow. It shows very interesting relation between buffet in viscous flow and multiple solution in inviscid flow. The unsteady shock wave motion frequency is significantly correlated to the time-averaged shock wave position. The effect of Reynolds number on unsteady flow field is studied. The time-averaged shock wave position moves to upstream as Reynolds number decreases. The shock motion frequency decreases as well. The computational results are further validated using present transonic wind tunnel tests. Flow buffet can be eliminated by adding tailing edge splitter plate with sufficient length. 
